Abstract: Low loss electromagnetic energy transport over long distances motivates the development of different types of waveguiding systems. Requirements of high quality optically polished waveguide surfaces needed in high-frequency applications and low-cost manufacturing are practically incompatible in current realizations. Here we demonstrate a new paradigm solution, based on surface functionalization with subsequent electroless plating of conductive micron smooth copper layer on the inner surface of flexible non-conducting poly-carbonate tubes. The structure was shown to support moderately low loss guiding performances (~5-10 dB/m) at Ku-band. The mechanically flexible design of the system allows shaping the waveguide network almost on demand. In particular, an efficient energy guiding over a closed loop with 8 lambda radius was demonstrated. The new platform of high quality metalized flexible waveguiding systems opens new opportunities in designs of cheap and efficient networks, operating over a broad spectral range, approaching tens of GHz and even higher.
Introduction
Efficient transport of electromagnetic energy over distances requires the development of different types of waveguiding systems. Many architectures have been demonstrated over the years and each one provides solutions for a specific frequency range and related applications [1] . Minimization of propagation and bending losses along with inerrability within larger-scale devices are among the key parameters, required from efficient interconnecting systems. Losses become a critical factor, affecting the performance of millimeter wave devices. Interface roughness on the level of optically polished highquality surfaces is required from the implementations. As a result, the overall prices and bulky realizations of waveguiding components become a significant factor. Minimization of bending losses can be achieved by exploiting geometries, where electromagnetic radiation is enclosed within a confined volume. Typical representative examples here include rectangular and circular/elliptical geometries. Furthermore, the guided mode in those structures is confined in a void and, as a result, propagation losses are minimized (especially, if the core is vacuumed). Though some commercial solutions are available, bending of enclosed waveguides, is quite a complex technological challenge, as the millimeter-size aperture (Ka-band and higher) should be maintained along the entire curved trajectory.
Metallization of plastic components is fast developing technological direction, as it can provide significant advantages over conventional solutions. Several successful demonstrations of this approach include 3D printed metalized waveguide filters [2] , waveguiding systems and related components [3] , [4] (also for high GHz-THz and without metallization [5] , [6] ), antenna devices and components [7] , [8] , [9] , and others. Furthermore, it is worth mentioning other additive manufacturing techniques, which allow the production of high-quality RF components, with an emphasis on antenna devices [10] . Different types of antennas, fabricated with CNC milling technique [11] , [12] , Laser Direct Structuring [13] , [14] , [15] , conformal printing of metallic inks [16] , conductive inkjet printing [17] , ultrasonic wire mesh embedding [18] , and metal deposition trough a mask on a curve surface [19] , [20] , were reported. Furthermore, integration of 3D printed plastic materials within antenna designs was demonstrated (e.g. [21] , [22] ) and fabrication of lowprofile devices with several materials has been shown [23] .
In general, three main advantages of 3D printed polymers-based structures can be identified. The first one is their lightweights in comparison with solid metal made counterparts. Since only a thin conductive layer (skin depth of several microns for high GHz frequencies, if conventional metals are in use) is required for providing efficient waveguiding properties, lightweight polymers can serve as bulk rigid materials, supporting the structure. The second advantage of metalized 3D-printing approach to waveguiding systems is their potential flexibility to provide quite complex geometries (e.g. complex 3D networks, power divides, and others), which are hard to obtain with conventional milling techniques. It is worth noting that rigid 3D structures, once being fabricated, cannot be reshaped. Our proposal, however, is lacking of these limitations. The last and already mentioned factor is the manufacturing cost, which can be significantly reduced in the case when additive manufacturing techniques are in use.
Here we demonstrate a new waveguiding system, based on metallization of flexible polymer tubes (Fig. 1) . The distinctive advantages of this architecture include its extremely low cost and mechanical flexibility. Inner surfaces of initially bendable polymer tubes are metalized with an electroless plating technique and, as a result, high-quality RF conductivity is achieved. Furthermore, controllable chemical deposition process was demonstrated to provide high-quality metallization layers with micron-scale roughness along centimeter-range tube cross-sections. Mechanical flexibility of the tube waveguides allows bending them almost on demand without requiring an a priori knowledge of a layout of an end-user.
The Letter is organized as follows: basic technological principles of the metallization are discussed first and then followed by experimental demonstration of the new system and its performance, which is compared with standard existing solutions.
Tubes metallization
Tubes with different polymeric composites can be metalized by electroless deposition of a copper layer. As a first step, surface of the tubes was washed from excess or leftover materials that stay after chemical treatment and pre-production post-processing. The tube was connected to a homemade peristaltic pump, which maintains a high throughput flow of functional solutions through it. The cleaning cycle is applied at the end of the metallization process. DIW (Di Ionized Water) wash at room temperature was followed with methanol absolute dry wash at 50 ○ C for 5 minutes followed by rinsing with DIW. Then N,N-Dimethylformamide solution at 50 ○ C washed the tube for 5 minutes followed by rinsing with Ethanol then DIW. Etching to reduce the roughness on the tube walls by Chromo-Phosphoric-Sulfuric acid at 50 ○ C for 5 minutes was performed and followed by DIW rinsing. The next step is a sensibilization in a solution, containing SnCl2-70 g/l and HCl -40 ml/l for 30 min at room temperature, followed by DIW rinsing. Pd-activation for 60 min at room temperature with PdCl2 1g/l solution, followed by DIW rinsing. Then copper solution 15 g/l, K-Natartrate 30 g/l Na2CO3 10 g/l NaOH 40 g/l Formaldehyde 35%. Adjusting pH in the range 12.5 -12.7 assuring metal layer formation properly at a proper rate compared to the reduction time of copper.
The surface roughness of copper layer was measured in Olympus LEXT OLS4100 laser scanning, providing a resolution of 10-20 nm. The quality of the surface was defined as the standard deviation of points on the surface from the mean position. The measurement was performed over mm 2 -scale area. The surface roughness was estimated to be around 10µm, while smaller areas of investigation were found to be as smooth as ± 0.2µm. It indicates that more accurate and repetitive surface cleaning can allow obtaining those numbers (corresponding to surface qualities of current commercially available 60 GHz hollow waveguide systems). The overall thickness of the metal layer, deposited on the inner side of the tube, is few microns (depending on copper solutions flow and duration), while the electromagnetic skin depth in copper at 10 GHz frequency is less than a micron. Fig. 2 (inset) shows a photo of a cut section of the metalized tube. The topographic image of the surface appears in the main figure (Fig. 2) . The slant of the surface corresponds to the physical profile behavior, which can be almost perfectly fitted with a quadratic 2D polynomial. The quasi-periodic strips of the height profile (if projected on the flat landscape) are observed along the direction of the stream, which was induced inside the tube during the metallization process.
Straight waveguide sections
A metalized tube section was assessed for the waveguiding at the next stage and compared with a straight brass duct section. Standard SMA to waveguide connectors were implemented on short sections of brass ducts (inner diameter of 13 and 11mm in the case of brass and metalized sections, respectively), sealed from the outer side (insets to Fig. 3 ). Transmission and reflection coefficients (S-parameters) of the system were retrieved with the VNA (N5232B PNA-L Microwave Network Analyzer) after performing calibration procedures (Fig. 3) . Numerical simulation of perfectly conducting (PEC) tube section was performed with CST microwave studio (frequency domain solver). Custom-made connectors were explicitly taken into account, while the excitation/collection ports were placed directly on the coaxial cables. As a result, imperfect mode matching was emulated, replicating the experimental scenario. The cut-off frequency of the waveguide with circular cross-section has a well known analytical expression. Substitution of the tube's parameters leads to the cut-off at ~13.5 GHz, which agrees well with the numerical results. Fig. 3(b) is the reference measurement, demonstrating the performances of an etalon structure -a brass duct. The results agree well with the numerical data with certain deviations, including the absolute values of S-parameters, which correspond to the leakage of the radiation via connection ports. This effect is more pronounced for higher frequencies, where electromagnetic fields squeeze through gaps between the connectors, which are imperfectly attached to the duct's surface. The performance of the metalized tube appears on Fig. 3(c) . The structure has got a slight distortion during the metallization process. This can be prevented in the future by mechanical stabilization of the whole section during either pre-or post-processing. The direct comparison between the brass (etalon) and metalized sections show remarkable similarities, nevertheless, the overall amount of loss is 2-6 dB higher. Also, the cut-off frequency is shifted to ~16GHz, since the inner diameter of the metallized polymer section is 11mm, which corresponds to this number.
Bended waveguides
The distinctive advantage of the flexible waveguide platform is to support bending geometries - Fig. 4 (b, inset) . Here, the overall length of the metalized 11mm diameter tube is 1m, while the bending radius is 16 cm. Fig. 4(a) shows the result of the numerical simulation, carried out under the same conditions, as for the straight section (the PEC duct + connectors). The cut-off frequency is clearly observed at 16 GHz and it is more pronounced in this case since this bent waveguide section is 3 times longer than the straight section (Fig. 3) . Fig. 4(b) shows the experimental results, which correspond well to the numerical estimate. Similarly to the case of the straight section, the losses of the real structure are higher by ~6 dB, which is consistent with the qualitative comparison, which was performed on the data from Fig. 3 .
Conclusions
A new platform for cheap and flexible high-frequency guiding was proposed and experimentally demonstrated. The principle is based on electroless plating of smooth bendable polymer tubes, whose inner surfaces undergo metallization. Highly conductive chemically deposited layers demonstrate properties, comparable with optically polished surfaces of conventional brass-based waveguide sections. As a result, efficient waveguiding at Ku-band was demonstrated. It is worth noting, that the developed methodology can be extended to higher frequencies, approaching 100 GHz and even higher. Standard waveguiding solutions demonstrate excessive losses at those frequencies. Furthermore, waveguide components become extremely expensive, preventing high-frequency RF technologies to replace existing widespread low GHz solutions (e.g. Wi-Fi and many others). Our solution might suggest a paradigm shift in this area.
